EP is a DNA element found in regulatory regions of viral and cellular genes. While being a key functional element in viral enhancers, EP has no intrinsic enhancer activity but can stimulate or silence transcription in a context-dependent manner. The EP element is bound by RFX1, which belongs to a novel, evolutionarily conserved protein family. In an attempt to decipher the mechanism by which EP regulates transcription, the intrinsic transcriptional activity of RFX1 was investigated. A functional dissection of RFX1, by analysis of deletion mutants and chimeric proteins, identified several regions with independent transcriptional activity. An activation domain containing a glutamine-rich region is found in the N-terminal half of RFX1, while a region with repressor activity overlaps the C-terminal dimerization domain. In RFX1 these activities were mutually neutralized, producing a nearly inactive transcription factor. This neutralization effect was reproduced by fusing RFX1 sequences to a heterologous DNA-binding domain. We propose that relief of selfneutralization may allow RFX1 to act as a dual-function regulator via its activation and repression domains, accounting for the context-dependent activity of EP.
INTRODUCTION
The transcription of eukaryotic genes is regulated by promoters and enhancers, each of which is composed of multiple elements. Many such elements possess an intrinsic activity and can thus function independently, when multimerized and linked to a reporter gene. Another class of regulatory elements exert their proper effect only when positioned within their natural DNA contexts. Reported mechanisms of context-dependent regulation include alterations in the structure of DNA or chromatin and promotion of protein-DNA or protein-protein interactions between enhancer-bound transcription factors (1) (2) (3) . In other cases the transcriptional effect of a specific factor can be reversed by a neighbouring DNA-bound protein (4) (5) (6) . Several contextdependent regulators were shown to contain both activation and repression domains (7) (8) (9) (10) (11) (12) (13) , suggesting that the differential activity of such a transcription factor may result from an interplay between its independent functional regions.
A well studied binding site exhibiting a context-dependent activity is the EP (or EF-C) element of the hepatitis B virus (HBV) enhancer (14, 15) . This inverted repeat element is conserved in hepadnaviruses from other species (15, 16) , and related sequences are present in several viral enhancers (14, (16) (17) (18) (19) and regulatory regions of cellular genes (20) (21) (22) (23) (24) (25) (26) . Mutational analyses have shown these sites to play a key stimulatory role in the HBV and polyomavirus enhancers (15, 16, 24, (27) (28) (29) and to be functionally important positive elements in the promoters of the major histocompatibility complex (MHC) class II (20, 30, 31) and the ribosomal protein rpL30 (22, 23) genes. Yet, when taken outside of the HBV enhancer and multimerized, the EP element cannot stimulate transcription significantly and thus possesses no intrinsic enhancer activity (16) . Moreover, a multimer of either the HBV or the polyomavirus enhancer EP element, or of a homologous binding site present in intron 1 of the human c-myc gene, was shown to function as a transcriptional silencer in several different contexts (32-34, our unpublished data). The observation that the c-myc site is a target for mutations in Burkitt's lymphoma raised the suggestion that this element may negatively regulate c-myc expression (35, 36) . A transcriptional inhibitory binding site (NREγ) upstream of the HBV core promoter was recently shown to be an EP-homologous element (37) , and the X box, the EP-like site of MHC class II promoters, was also reported to possess an inhibitory activity (38) .
The EP element binds a ubiquitous nuclear protein complex (14, 15, 18) . This complex was shown to contain the c-Abl tyrosine kinase (41, 42) as well as dimers of the RFX1, RFX2 and RFX3 proteins (24, 43, 44) . The latter are members of a novel family of DNA-binding proteins, highly conserved in evolution (24, (43) (44) (45) (46) (47) . The RFX proteins share several regions of homology, including a DNA-binding domain (DBD) and a dimerization domain (43, 44, 46) . In contrast to the common situation in dimeric transcription factors, the DBD and dimerization domain of the RFX proteins are non-adjacent and functionally independent, so that the dimerization domain is not required for DNA-binding (43, 44) . RFX1-3, identified in humans and mice, are expressed in a tissue-specific manner, with only RFX1 being ubiquitously expressed (44) . This major EP-binding protein was originally cloned on the basis of its affinity for the MHC promoter X box (48) and was shown, by antisense experiments, to play a role in the induction of MHC class II genes by interferon-γ (43, 49) . Overexpression and introduction of antisense oligonucleotides also demonstrated the involvement of RFX1 in the stimulatory activity of the HBV enhancer (24) . In addition, the overexpression of RFX1 can activate the HBV core promoter through the upstream NREγ site (37) .
The mechanism by which the effect of RFX1 is exerted is presently unknown. The ability of the EP site to both enhance and silence transcription, in a context-dependent manner, prompted us to investigate the intrinsic transcriptional activity of RFX1, which could account for the EP-mediated effects. A functional dissection of RFX1 identified an N-terminal activation domain containing a glutamine-rich region and a C-terminal repressive region overlapping the dimerization domain. These positive and negative effects were mutually neutralized, causing RFX1 to be nearly transcriptionally inactive. Relief of self-neutralization, resulting in a net effect of activation or repression, could allow RFX1 to act as a dual-function regulator, the properties of which may underlie the context-dependent differential activity of EP.
MATERIALS AND METHODS

Plasmid constructions
Expression plasmids of GAL4 derivatives. All GAL4 derivative expression plasmids, presented in Figure 2 , are based on the pECE expression vector. GAL4-Fos and GAL4 DBD have been described (50) . G4-RFX Figure 1 , are based on pSG5RFX1, which expresses the RFX1 cDNA under the control of SV2 (24) . pSG5.HA-RFX1 (construct 1) was generated by altering bp 91-96 of pSG5RFX1 to an NdeI site and inserting an EcoRI-NdeI fragment encoding the HA epitope in frame into the EcoRI-NdeI site 5′ of the RFX1 coding sequence. The resulting plasmid expresses the whole RFX1 protein tagged at its N-terminus with HA. HA-RFX1-derived constructs 2, 6, 7 and 8 were constructed by digesting pSG5.HA-RFX1 with SacII, which cuts at bp 2312 and in the 3′-untranslated region (UTR), and inserting SacII fragments from GAL4-RFX1 constructs G12, G9, G10, and G11 (Fig. 2) , respectively, into the SacII sites. HA-RFX1-derived construct 5 was generated by creating an in-frame NcoI deletion of bp 2267-2666 in pSG5.HA-RFX1. Construct 3 was generated by digesting pSG5.HA-RFX1 with SmaI, which cuts at bp 1899 and in the 3′-UTR, and inserting an Ecl136II-HincII fragment from pGEM.RFX-Ac (containing the RFX1 sequence from bp 2830) into the SmaI site. Construct 4 was generated by creating an in-frame MscI deletion of bp 1675-2830 in pSG5.HA-RFX1. Construct 9 was generated by deletion of the pSG5.HA-RFX1 sequence between the NdeI and SacI (bp 326) sites and insertion of a synthetic NdeI-SacI linker. Constructs 10 and 14 were generated by creating in-frame PstI deletions of bp 269-791 in constructs 1 and 3, respectively. Constructs 11 and 15 were generated by replacing a KpnI-MscI (bp 689-1144) fragment of constructs 1 and 3, respectively, with a linker. Constructs 12 and 16 were generated by replacing an NheI-KpnI fragment of constructs 11 and 15, respectively, with an NheI-KpnI linker from pGEM-3Z. Constructs 13 and 17 were generated by subcloning a StyI (filled-in) fragment of RFX1 (bp 1338-2267) into the HincII site of pGEM-3Z, then excising a 530 bp fragment with XbaI and Ecl136II (bp 1859 of RFX1) and inserting it into constructs 1 and 3, respectively, each digested with NheI and Ecl136II. Construct 18 was generated by inserting the same XbaI-Ecl136II fragment into pSG5.HA-RFX1 digested with NheI and MscI (bp 2830), thus altering the reading frame after amino acid 588 and leading to premature termination.
Reporter plasmids. The structure of G5-luciferase has been described (51) . To construct E5G5-luciferase, five copies of the HBV enhancer E element oligonucleotide (16) were multimerized and inserted into the HindIII-PstI site of G5-luciferase. TATAluciferase was constructed by inserting an oligonucleotide encoding the E1B TATA box (5′-GGGTACCAGATCTTATATAATGAG-CT-3′) upstream of the luciferase gene. EP4-luciferase was constructed by multimerizing four copies of the EP oligonucleotide (16) and inserting them into TATA-luciferase, upstream of the TATA box.
Cell culture, transfection and luciferase and β-galactosidase analyses
Cells were cultured in Dulbecco's modified Eagle minimal essential medium (GIBCO Laboratories) containing 100 U/ml penicillin and 100 µg/ml streptomycin, supplemented with 8% fetal bovine serum. Transfection was performed by the calcium phosphate precipitation method, as previously described (52) . At the time of transfection the cells were 30-60% confluent. For luciferase assays, 6 cm plates were transfected with 1-2 µg of a luciferase reporter plasmid, 1 µg of the SV2-β-galactosidase internal control plasmid, and an expression plasmid. The amount of SV2 elements and the total amount of DNA was kept constant in each experiment by addition of pSV2 and Bluescript (Stratagene), respectively. Each RFX1-derived construct was examined several times and at different concentrations. For preparation of wholecell extracts, each 6 cm plate was lysed with 50 µl of lysis buffer containing 0.1 M KPi (pH 7.8), 0.5% Triton X-100 and 1 mM DTT. The luciferase assay was performed with a substrate buffer (Promega) and was read in a Turner TD-20e luminometer. β-Galactosidase was assayed as described (53) . The normalized luciferase activity of each plate was calculated by dividing the results of the luciferase assay by those of the β-galactosidase assay.
Gel retardation and Western blot analyses
Whole-cell extracts for protein analyses were prepared by lysing each 6 cm plate with 100 µl of buffer A containing 20 mM HEPES-KOH (pH 7.9), 250 mM NaCl, 1% Triton X-100, 5 mM EDTA, 1 mM DTT, and a cocktail of protease inhibitors (0.1 mM phenylmethylsulfonyl fluoride, 10 µg/ml pepstatin A, 1 µg/ml aprotinin, 1 µg/ml leupeptin) and phosphatase inhibitors (2 mM NaVO 3 , 10 mM NaPi, 10 mM NaPPi, 50 mM NaF). For preparation of nuclear extracts, 6 cm plates were rinsed twice with cold PBS, scraped from the plates, and allowed to swell in 250 µl of swelling buffer (10 mM KCl, 30 mM Tris-HCl pH 7.5, 5 mM magnesium acetate, 5 mM EDTA, 45 mM β-mercaptoethanol) for 10 min on ice. The cells were lysed by adding 10 µl of 20% Nonidet P-40 and vortexing. The lysates were overlaid on an equal volume of swelling buffer containing, in addition to the above constituents, 25% glycerol and 0.1% Nonidet P-40 and centrifuged at 400 g for 5 min. The upper (cytoplasmic) fraction was removed, and the nuclear pellet was washed twice with 500 µl of swelling buffer. Nuclei were extracted in 50 µl of high-salt buffer (50) .
For Western blot analysis, cellular extracts were subjected to SDS polyacrylamide gel electrophoresis, and the resolved proteins were electroblotted onto nitrocellulose membranes. For analysis of GAL4 derivatives, the blots were incubated with anti-GAL4 rabbit immunoglobulin G (protein G purified), produced in our laboratory, followed by protein A conjugated with horseradish peroxidase (HRP). HA-RFX1 derivatives were analyzed using the anti-HA monoclonal antibody 12CA5 (Pharmingen, San Diego) and goat anti-mouse conjugated with HRP. The immune complexes were detected by the ECL detection system (Amersham).
Gel retardation analysis of HA-RFX1 derivatives was conducted essentially as described (16) , with several modifications. The binding reaction was performed for 45 min on ice with 2 × 10 4 c.p.m. of the EP element oligonucleotide (sequence shown in ref. 42) , end labeled by a fill-in reaction, and 5-9 µl of whole-cell extract, and the samples were run on a 5% polyacrylamide gel. Gel retardation for assaying GAL4 derivatives was performed as described (54) , by incubating 2 × 10 4 c.p.m. of the GAL4 binding site oligonucleotide (5′-AATTCAGCGGAGTACTGTCCTCCGA-GGAATT-3′), end labeled by a fill-in reaction, with 9 µl of nuclear extract.
RESULTS
RFX1 contains stimulatory and inhibitory transcriptionally active regions
To examine whether RFX1 possesses an intrinsic transcriptional activity and to locate the specific regions involved in this effect, the wild-type hemagglutinin-tagged RFX1 (HA-RFX1) and its deletion mutants were assayed in transient transfections. Constructs expressing the various HA-RFX1 derivatives were cotransfected into HepG2 hepatoma cells together with a reporter plasmid containing four copies of the EP element upstream of the luciferase gene. As a control, cotransfections with a similar luciferase reporter plasmid that lacks these EP sites were performed in parallel. Western (Fig. 1B) and gel retardation (Fig. 1C and data not shown) analyses indicated that the HA-RFX1 derivatives were well-expressed (with only constructs 7 and 8 having significantly lower levels) and bound the EP DNA efficiently (except for construct 4). The identity of the DNA-protein complexes containing exogenous HA-RFX1 proteins was verified by supershift with an anti-HA antibody (Fig. 1C) .
The wild-type HA-RFX1 induced only a mild increase in the level of transcription (Fig. 1A, construct 1) , as did RFX1 (not shown). However, upon deletion of a large part of the dimerization domain or most of the C-terminal half of the protein, the activation level dramatically increased (Fig. 1A, constructs 2 and 3 ). This suggests that the wild-type RFX1 possesses an intrinsic stimulatory activity that is counteracted by an inhibitory C-terminal region. A similar stimulatory effect of the C-terminal deletion was observed with other HA-RFX1 derivatives lacking sequences from the N-terminal part of RFX1 (compare constructs 10 and 14, 11 and 15, 12 and 16, 13 and 17), indicating that the inhibitory effect of the C-terminal region does not necessarily require an interaction with the RFX1 N-terminus. Extending the deletion further up to the DBD reduced the activation (construct 4), yet this effect could result from the inefficient DNA-binding of this mutant (Fig. 1C) . Partial deletions within the dimerization domain (constructs 5-8) resulted in a small increase or no increase in activation, although the expression of at least some of these constructs (5 and 6) was not substantially lower than that of construct 2 ( Fig. 1A and B) . Collectively, these results indicate that the dimerization domain, or regions within it, can downregulate the transcriptional activity of RFX1. The inability of the partial deletions to induce full activation suggests that these mutant proteins retain at least part of their inhibitory function, meaning that different regions within the dimerization domain can negatively affect transcription (see below).
A region responsible for the ability of the HA-RFX1 mutants to activate transcription was localized by the examination of deletions within the N-terminal half of RFX1. These deletions were introduced either into the wild-type HA-RFX1 or in combination with an 'activating' C-terminal deletion, creating double mutants. The deletion of amino acids (aa) 1-77 (Fig. 1A,  construct 9 ) or 59-232 (compare constructs 1 and 10, 3 and 14) revealed that the first 232 aa of RFX1 are not required for activation. However, a more internal deletion of aa 200-351 reduced activation considerably (compare constructs 1 and 11, 3 and 15). The extension of the N-terminal deletion resulted in an additional small reduction or no reduction in activity (constructs 12, 13, 16 and 17). Therefore, this analysis has localized the region required for maximal activation to aa 233-351 within the N-terminal half of RFX1, which includes the third glutamine-rich region. The above data also suggest that the RFX1-induced activation may be partially inhibited by a region within residues 59-232, since deletion of this region from an 'activated' RFX1 mutant (construct 3) resulted in enhanced activity (construct 14).
Although the deletion of the RFX1 N-terminus caused a major reduction in activation, the double deletion mutants 16 and 17 still induced a weak activation. A further extension of the C-terminal deletion produced a 173 aa HA-RFX1 derivative (construct 18) that exhibited the same effect. This weak activation did not result , and the following structural regions: proline-and glutamine-rich (PQ), glutamine-rich (Q), glycine-rich (G) and a highly acidic stretch (DE). Expression plasmids of the hemagglutinin-tagged RFX1 (HA-RFX1) or its deletion mutants lacking the indicated amino acid sequences (3 µg) were cotransfected into HepG2 cells, together with 1 µg of a luciferase reporter plasmid controlled by four copies of the HBV EP element (EP4-luciferase) or a similar control reporter plasmid lacking the EP elements (TATA-luciferase), and 1 µg of the SV 2 -β-galactosidase internal control plasmid. For each construct, the ratio between the normalized luciferase activities obtained with EP4-luciferase and TATA-luciferase was calculated, and divided by the ratio obtained with the wild-type HA-RFX1, to yield the relative activity. The results shown are the mean and SD of two independent experiments. (B and C) Expression of HA-RFX1 deletion mutants. Plasmids expressing the indicated HA-RFX1 derivatives, numbered as above, (4 µg) were transfected into HepSK1 cells. Whole-cell extracts were prepared and subjected to the following analyses. (B) Western analysis was performed using an anti-HA antibody. The bands marked with arrowheads represent endogenous proteins that cross-react with anti-HA. Molecular weight markers (in kDa) are indicated. (C) Gel retardation analysis was performed using the EP element probe. Anti-HA was added to the binding reaction where indicated by +. m, mock transfected. from the addition of the HA epitope, since an untagged derivative of construct 16 was similarly active (data not shown). These data suggest that the region between aa 416 and 588, located around the DBD, may have a weak activation capacity. Alternatively, the stimulatory effect of this minimal HA-RFX1 derivative may result from the displacement of an endogenous inhibitory EP-binding protein.
The functional regions of RFX1 can activate and repress transcription when fused to a heterologous DNA-binding domain
The above deletion analysis identified specific regions that are required for stimulation or inhibition of transcription in the context of the EP-bound RFX1. To examine whether RFX1 contains independently active regions, which are sufficient for mediating transcriptional regulation when linked to a heterologous DBD, various RFX1 sequences were fused downstream of the DBD of the yeast GAL4 activator (codons 1-147). Constructs expressing these GAL4-RFX1 chimeric proteins were transiently transfected into differentiated HepG2 (Figs 2A and 3A) or undifferentiated HepSK1 (data not shown) hepatoma cells, together with the G5-luciferase reporter plasmid. In both cell types, transcription activation was observed with GAL4 constructs containing sequences from the N-terminal half of RFX1. Constructs G4-RFX and G4-RFX were also tested in HeLa cells and showed a similar behaviour (Fig. 3B) . The minimal construct with significant activation potential, which induced the strongest activation, was G4-RFX , thus defining a 238 aa region from the N-terminus of RFX1 as sufficient for activation For constructs G2-G15, numbers in brackets indicate the fused RFX1 aa sequences. For construct G16, residues deleted from the wild-type RFX1 and replaced by the GAL4 DBD are indicated. The structure of RFX1 is shown schematically above the fusion constructs (Fig. 1A) . A filled box represents the GAL4 DBD. The fusion plasmids (0.75 µg) were cotransfected into HepG2 cells with 1 µg of a luciferase reporter plasmid controlled by five copies of the GAL4 binding site (G5-luciferase) and 1 µg of the SV 2 -β-galactosidase internal control plasmid. Normalized luciferase activities relative to activity of the GAL4 DBD alone are presented as fold activation. Each result represents the mean and SD of several independent experiments: three experiments for constructs G6 and G16, five experiments for constructs G2, G4 and G5, and two experiments for the rest. (B) Gel retardation analysis of GAL4-RFX1 chimeric proteins. GAL4-RFX1 expression plasmids (3 µg) were transfected into HepSK1 cells. Nuclear extracts were prepared and analyzed by gel retardation, using the GAL4 binding site probe. An anti-GAL4 antibody (+) or an excess of GAL4 competitor oligonucleotide (c) was added where indicated. Constructs are numbered as in (A). The band marked with an asterisk is GAL4-specific, as shown by the anti-GAL4 supershift, and probably represents a degraded complex. m, mock transfected. F, free probe. when fused to the GAL4 DBD. This part of the protein includes the region identified by the deletion analysis as required for maximal activation (aa 233-351). Varying the amounts of transfected GAL4-RFX1 N-terminal expression constructs produced a doseresponse curve typical of transcriptional activators (55) , in which the level of activation increases with increasing activator amounts until a maximal level is reached, followed by a decrease in the activation level, termed squelching (Fig. 3) . Another N-terminal fusion construct was tested, in which the RFX1 N-terminus was located upstream of the DBD (RFX[1-435]-G4), as is the case in the wild-type RFX1. The activation level obtained with this fusion was similar to that of G4-RFX (Fig. 2A) , indicating that in this system the activation capacity of the RFX1 N-terminus is not affected by its position relative to the DBD. Thus, the GAL4 and deletion analyses of RFX1 identified an activation domain in the N-terminal part of the protein (aa 233-435), overlapping a glutamine-rich region.
Interestingly, the larger N-terminal construct G4-RFX[1-435] was a less potent activator than the shorter constructs G4-RFX[77-435] and G4-RFX lacking the extreme N-terminus of RFX1 (Figs 2A and 3) , suggesting a possible inhibitory function for this region. The existence of an inhibitory function within the RFX1 N-terminus (aa 59-232) was also suggested by the deletion analysis (Fig. 1) . In Western (data not shown) and gel retardation (Fig. 2B) analyses of whole-cell and nuclear extracts, respectively, GAL4-RFX1 constructs containing the extreme N-terminal region (aa 1-76) exhibited a significantly lower expression and DNA-binding activity than those lacking this region. Taken together, these results suggest that the extreme N-terminus of RFX1 can function as a modulator region, either at the level of transcriptional activation capacity, or at the level of expression, or both.
The transcriptional activity observed with several fusion constructs containing sequences from the C-terminal half of RFX1 suggested that these RFX1 sequences may downregulate transcription ( Fig. 2 and data not shown) , in agreement with the analysis of RFX1 C-terminally deleted mutants (Fig. 1) . In order to substantiate the repressive effect of the RFX1 C-terminal sequences, we used the E5G5-luciferase reporter construct, which includes five copies of the E element [an AP-1-like site present in the HBV enhancer (14) ] in addition to five GAL4 binding sites, upstream of the luciferase gene. The cotransfection of a plasmid expressing c-Jun was used to further activate this reporter through the E element. With this activated reporter, as with the basal G5-luciferase reporter, the GAL4 DBD alone induced a slight activation (Fig. 4A) . By contrast, G4-RFX[728-979] (containing the dimerization domain and acidic region), G4-RFX[529-738] (containing the 'central region' between the DBD and the dimerization domain), and G4-RFX[529-979] (containing both segments) all reduced the level of transcription relative to that observed in the absence of a GAL4 derivative, in a dose-dependent manner (Fig.  4A) . The latter construct was also transfected into HeLa cells and exhibited the same repressive effect (data not shown). When the RFX1 portion of G4-RFX[728-979] was dissected into two GAL4 fusions containing either the dimerization domain or the acidic region, the former, but not the latter, repressed transcription (Fig.  4A) . Thus, both the 'central region' and the dimerization domain of RFX1 appear to possess a repressive capacity, while the acidic region shows no significant effect in this assay.
A further dissection of the dimerization domain by deleting various parts of it from G4-RFX[728-979] produced fusion constructs (G9, G10, and G11) that still exhibited a repressive effect on activated transcription (Fig. 4B) . Since construct G12, containing the combined deletions of constructs G9 and G10, did not cause this effect, though exhibiting a high DNA-binding activity in a gel retardation assay (Fig. 2B) , the repressive activities of fusions G9 and G10 can be attributed to aa 868-913 and 790-866, respectively, within the dimerization domain, consistent with the results of the HA-RFX1 deletion analysis. Thus, three non-overlapping regions within the C-terminal half of RFX1 appear to possess a repressive capacity, two within the dimerization domain and one in the 'central region'. The dissection of RFX1 into GAL4 chimeras identified an N-terminal stimulatory region as well as C-terminal repressive regions. A fusion construct containing all these regions (RFX[∆436-528]-G4) was generated by replacing the RFX1 DBD (aa 436-528) with the GAL4 DBD and showed no significant effect on transcription in this system in both HepG2 and HeLa cells ( Fig. 2A and data not shown) . Since the fusion protein formed an easily detectable DNA-protein complex (Fig. 2B) , its lack of activity appears to result from the combined effects of the positively and negatively acting regions of RFX1. The main findings of the GAL4 analysis correlate with those obtained with the RFX1 deletion mutants, identifying independently active stimulatory and repressive regions that are likely to constitute functional regions of the native RFX1 protein, as shown schematically in Figure 5 . In both assay systems used, the positive and negative activities of RFX1 were mutually neutralized, so that the wild-type RFX1 and the corresponding fusion protein 
DISCUSSION
The conservation of the EP element in viral enhancers and the unusual transcriptional properties of EP-homologous sites suggest that these elements fulfill an important and unique function. While possessing no intrinsic enhancer activity, these regulators of viral and cellular genes can both stimulate and silence transcription (15, 16, 22, 27, 29, 33, 34) , depending on the DNA context. In order to gain insight into the EP mechanism of action, we focused on the intrinsic transcriptional properties of the ubiquitous EP-binding protein RFX1. Cotransfection experiments using RFX1 deletion mutants and GAL4-RFX1 chimeras identified several regions with independent transcriptional activity. While the wild-type RFX1 had little effect on the level of transcription in this system, a C-terminal deletion turned this protein into a transcriptional activator. The major RFX1 activation domain was localized to an N-terminal part of the protein (aa 233-435), containing a glutamine-rich region. The C-terminal dimerization domain (aa 791-913) was shown to downregulate the activation capacity of RFX1 and to possess an independent repressive activity and thus appears to be, or overlap, a repression domain. Since two non-overlapping parts of the dimerization domain exhibited a repressive effect, it is likely that the transcriptional-inhibitory activity is not fully dependent on the dimerization function. However, as these RFX1 regions are involved in both dimerization and transcriptional repression, it is possible that their repressive activity is modulated by the formation of intradimeric protein-protein interactions. The GAL4 analysis showed another region, the 'central region' (aa 529-738), to possess a repressive activity. Therefore, the overall repression induced by the C-terminal half of RFX1 may be the combined effect of several smaller inhibitory regions. Another inhibitory activity appears to be located at the extreme N-terminal part of the protein, since the deletion aa 59-232 (from an RFX1 derivative) or 1-76 (from a GAL4-RFX1 fusion) resulted in increased activation. The inefficient accumulation of GAL4-RFX1 chimeras containing aa 1-76 raises the possibility that an inhibitory activity in terms of protein expression, such as a degradation signal, is located in this part of RFX1. However, the attribution of the weaker activation of the longer N-terminal fusion constructs to their lower expression is inconsistent with the observation that upon increasing the amount of transfected expression construct beyond a certain level, the activation decreased (apparently due to squelching). Thus, the extreme N-terminus of RFX1 may function as a modulator region by affecting the intrinsic transcriptional activity of this protein, its expression or both. Collectively, these results show RFX1 to possess an intrinsic stimulatory activity, which is counteracted by inhibitory regions of the same protein (Fig. 5) .
Several regions of RFX1 are homologous to the corresponding regions of other RFX proteins (44, 46) . The major transcriptionally active parts of RFX1 include such regions of homology. The N-terminal activation domain of RFX1 and the corresponding regions of RFX2 and RFX3 contain a conserved sequence preceded, and partly overlapped, by a glutamine-rich region. The transcriptionally repressive dimerization domain of RFX1 is homologous to sequences of other RFX family members, from humans and mice (RFX2, 3) , Caenorhabditis elegans, and Schizosaccharomyces pombe (the cell-cycle regulator sak1) (44, 46) . It therefore remains to be determined whether the activities identified in RFX1 are also performed by other members of the RFX family.
The identification of independent activation and repression domains suggests that RFX1 can act as a dual-function regulator via these regions. In a system controlled by the multimerized EP site alone, the positive and negative activities of RFX1 appear to be of similar potency and are thus mutually neutralized. This neutralization can be reproduced in the GAL4 system, where the transcriptionally active regions of RFX1 are tethered to the DNA via a heterologous DBD. Under these conditions the wild-type RFX1 and the corresponding GAL4-RFX1 fusion protein exhibited little or no transcriptional activity. Such an effect may be achieved by one of several possible mechanisms. The activation and repression domains of RFX1 could function by contacting different components of the basal transcription complex, as observed for the transcriptional regulator Kruppel (56) . Alternatively, these domains could contact different surfaces of the same transcriptional component, or directly compete with each other for a common binding site within the transcription complex. In these cases, the resulting effect of transcriptional inertness, rather than a dominance of one activity over the other, is likely due to the relative affinities of the different RFX1 domains for their respective targets. Another possibility is the existence of a direct interaction between the activation and repression domains of RFX1. Since these two domains can function independently of each other, the potential to form such an inhibitory interaction with the RFX1 repression domain could not be specific for the RFX1 activation domain but, rather, should be common to all activation domains or a subset of them. Despite this lack of specificity, the particular array of activation and repression domains in RFX1 may be designed to allow the mutual neutralization of their activities and, possibly, the relief of this neutralization under certain conditions.
Although the intact RFX1 did not exhibit substantial transcriptional activity, a mechanism that converts this protein from an inactive state to a state of positive or negative activity may serve to turn on its different functions, in a regulated manner. Dual-function transcription factors were shown to switch their activity by various mechanisms, including the binding of a ligand (57) , interaction with a regulatory protein (11, 58, 59) , cooperation with a neighbouring DNA-bound transcription factor (4-6), concentration-dependent homodimerization (10, 56) , and interaction with a specific DNA sequence (60) . One of these mechanisms may enable RFX1 to either activate or repress transcription, depending on the DNA or cellular context. In particular, the enhancer/silencer activity of the EP-homologous RFX1 binding sites may be attributable to the different functional regions of RFX1. In such cases, the self-neutralizing effect of RFX1 would be relieved by functional or physical interactions with other DNA-bound transcription factors, such as those that bind the HBV and polyomavirus enhancers, resulting in a net effect of activation or repression. A regulatory interaction between DNAbound factors has been detected in the upstream regulatory region of the human papilomavirus type 18, where the ability of YY1 to activate rather than repress transcription is determined by a switch region (4) . Another example is the conversion of Dorsal from an activator to a repressor of the zen promoter by its interaction with DNA-bound DSP1 (6) .
Previous studies have implicated RFX1 in the activation of specific natural regulatory elements through EP-homologous sites. The data presented here indicate that RFX1 is not a conventional transcription activator; like its binding sites, RFX1 exhibits both stimulatory and inhibitory activities but is nearly inactive on its own, thus appearing to function only in conjunction with other factors. Interestingly, its lack of activity results from a mutual neutralization of the effects exerted by its independent activation and repression domains. Further studies are needed in order to determine how the activities of the different functional regions of RFX1 are integrated to modulate context-dependent transcription, and to uncover regulatory mechanisms controlling this system. The continued investigation of RFX1, at the functional and molecular level, may eventually elucidate the as yet unknown mechanism by which EP cooperates with other binding sites in regulating the expression of viral and cellular genes.
